Abstract A potential antileukemic and anticancer agent, 2-thiocytosine (2-TC), has been studied experimentally in the solid state by 1 H-14 N NMR-NQR double resonance (NQDR) and theoretically by the quantum theory of atoms in molecules (QTAIM)/density functional theory (DFT). Eighteen resonance frequencies on 14 N were detected at 180 K and assigned to particular nitrogen sites (−NH 2 , -N=, and -NH-) in 2-thiocytosine. Factors such as the nonequivalence of molecules (connected to the duplication of sites) and possible prototropic tautomerism (capable of modifying the type of site due to proton transfer) were taken into account during frequency assignment. The result of replacing oxygen with sulfur, which leads to changes in the intermolecular interaction pattern and molecular aggregation, is discussed. This study demonstrates the advantages of combining NQDR and DFT to extract detailed information on the H-bonding properties of crystals with complex H-bonding networks. Solid-state properties were found to have a profound impact on the stabilities and reactivities of both compounds.
Introduction
The compound called 2-thiocytosine (2-TC), an analog of the canonical natural nucleic acid base cytosine where the oxygen has been replaced with sulfur, is present in the tRNA of several organisms, including Escherichia coli [1] ; however, it has not been detected in the DNA or RNA of natural mammals. The replacement of cytosine by 2-thiocytosine may cause significant changes in DNA structure due to the perturbation of the base-pairing process, or it can produce point mutations. Any alteration of or modification to the base-pairing scheme of DNA due to the existence of a different tautomeric form also may result in the perturbation of the replication process and spontaneous mutations (i.e., reduced stability of DNA). The presence of an abnormal tautomer of a thiosubstituted base can be even more deleterious to the stability of DNA. On the other hand, these unique abilities to modify DNA may be relevant in the design of DNA-binding drugs with high antitumor efficacies. Actually, 2-TC possesses important biological properties; it has shown to have a significant biological effect on the mitosis of human lymphocytes and is thus a potential antileukemic [2] and anticancer agent [3] [4] [5] [6] [7] [8] [9] . The antileukemic activity of fluorinated 2-TC has been proven only recently [10] . Numerous substituted 2-TC derivatives, including 1-(β-D-arabinofuranosyl)-2-thiocytosine and its analogs and complexes with trimethylplatinum have been synthesized, and their enzymatic reactivities and antitumor activities have been studied [11] [12] [13] . The cytotoxic activities of some of them were found to be even higher than that of cisplatin, and they were even active against cisplatin-resistant cell lines [13] . It was revealed that the nucleosides of 2-TC exhibit moderate inhibitory activity against Epstein-Barr viruses (EBV) in cell cultures [14, 15] , and halogenated nucleosides of 2-TC exhibit considerable inhibitory activity against herpes simplex virus (HSV), and are potent inhibitors of varicella zoster virus (VZV) replication [16] . It was recently found that sulfur metabolic pathways are essential for survival and expression of virulence in many pathogenic bacteria, including Mycobacterium tuberculosis [17] , so 2-TC (which contains sulfur) may represent a valuable lead for antibacterial and antituberculosis drug development.
Experimental [18] [19] [20] and theoretical [21] [22] [23] [24] [25] studies have shown that cytosine occurs in six tautomeric forms (the two most stable are the amino-oxo and amino-hydroxy forms), whose relative stabilities depend on the environment. It is well known that in the crystalline state, cytosine adopts its amino-oxo tautomeric form, with four planar molecules arranged in sheets exhibiting a network of Hbonds involving -NH 2 , -NH, -N=and C=O groups [24, 25] . 2-TC, just like cytosine, exists in six tautomeric forms ( Fig. 1) as a result of thiol-thione and amino-imino equilibria. It was recently shown that its environment has an important impact on the tautomeric equilibrium of 2-TC (just as it does for cytosine); this equilibrium is significantly different in the gas phase (the predominant tautomer is the amino-thiol form), in solution (the predominant tautomer is the 1H-thione-amino form), and in nitrogen and argon matrices at low temperatures (exclusively aminothiol) [26] [27] [28] [29] .
The preference for different tautomeric forms is a clear indication of the importance of intermolecular interactions, in particular H-bonding, in determining the structure of the condensed phase. The dominant tautomer in the crystalline state of 2-TC is-according to X-ray studies-the aminothione form [30] , but the channel required for proton migration (i.e., hydrogen bonds) is available in the crystalline structure. The arrangement of molecules in the crystals of 2-TC is essentially the same as that found for cytosine, but it is more complicated due to the existence of two nonequivalent molecules in the elementary cell. The presence of the "ordered" and "disordered" H-bonds in crystalline cytosine recently detected using the lowtemperature FTIR [31] suggests that the possibility of formal proton migrations in cytosine requires further investigation. In our previous papers, we showed that 14 N NQDR and QTAIM/DFT combined studies are extremely helpful for interpreting the complicated NQR spectra and for studies of intermolecular interactions in the crystalline state [25, [32] [33] [34] .
14 N NDQR is the method of choice because 17 O NQR cannot be applied to 2-TC, although it is a great aid for identifying tautomers, as the 17 O parameters are very sensitive to oxygen hybridization and hydrogen bonds. It is worth noting that the electron density distribution at the -N=, -NH or -NH 2 sites is not only more accurately but it is also fully experimentally determined by NQDR. The same cannot be said of any structural method, such as standard X-ray diffraction (where spherically averaged pseudo-atom electronic distributions are used), because of the sensitivity of NQDR to short-range interactions, in contrast to the long-range periodic order seen by the X-raybased techniques. Although the electron density distribution in the unit cell of a single crystal can be calculated from the structural factors determined in X-ray density quality studies, this electron density is loaded with error arising from experimental errors in structural factors and Fourier truncation errors (only a finite number of reflections can be collected), and phase information is lost during the measurement (the measured intensities are proportional to the squared structural factors). Thus, density quality studies actually require further modeling of the electron density using independent atoms [35] or a multipole approach [36] , and the result is not purely experimental.
Additionally, the study of weak interactions has recently evoked enormous interest, as they commonly occur in important biological systems. The fact that the less abundant tautomer is often the most reactive one (Hammond rule [37] ) further reinforces the relevance of the use of combined 14 N NDQR and QTAIM/DFT methods to investigate intermolecular interactions in solid-state 2-TC, and to compare these interactions with those occurring in cytosine.
Experimental
A high-purity polycrystalline sample of 2-thiocytosine (97%) was purchased from Sigma-Aldrich and used without any additional purification. 1 
H-14 N-NQDR
NQR spectroscopy provides information on the quadrupolar interaction energy of the nuclear charge distribution with the electric field gradient (EFG) evaluated at the nuclear site. When there is no magnetic field, a 14 N nucleus (I=1) has three generally nondegenerate nuclear quadrupole energy levels. The resonance (NQR) frequencies, usually termed ν + >ν − ≥ ν 0 , are expressed as [38] :
where the e 2 Qq/h=e 2 Qq zz /h is the nuclear quadrupole coupling constant, h ¼ q yy Àq xx q zz is the asymmetry parame-
(i=x, y and z) are the principal components of the second-rank symmetric EFG tensor, and V(r) is the external electrostatic potential, which satisfies q xx j j q yy q zz j j. The quadrupole coupling constant e 2 Qq/h and the asymmetry parameter η for a 14 N nucleus can be derived from these frequencies using the formulae:
Different double resonance techniques based on magnetic field cycling were used to detect the 14 N NQR frequencies.
The proton spin system was polarized in B 0 =0.75 T for 30 s. Then the sample was pneumatically transferred within 0.1 s into another magnet, where it was left for 0.3 s. In this other magnet, the magnetic field can be varied continuously between zero and 0.1 T. After staying in this other magnet for <0.1 s, the sample was pneumatically transferred back into the first magnet, and the proton NMR signal was measured immediately after the sample had been stopped in the first magnet.
As the first method we used the 1 H-14 N cross-relaxation spectroscopy [39, 40] . In this method, the sample is left to relax in a low magnetic field for 0.3 s, and the low magnetic field is changed between magnetic field cycles in steps of approximately 0.5 mT corresponding to the step in the proton Larmor frequency ν L of 20 kHz. When the proton Larmor frequency ν L matches the 14 N NQR frequency ν Q , the proton spin-lattice relaxation time shortens, which results in a decrease in the proton NMR signal after the cycle. In some cases, especially at higher proton Larmor frequencies, a step of 40 kHz can be used. On the other hand, at around ν L =ν Q , the step is reduced to 10 kHz to improve the resolution.
In the second step, we used the solid-effect technique [41] . In this method, the low magnetic field is fixed and the sample is irradiated in the low magnetic field for 0.5 s with a strong rf magnetic field at variable frequencies. When the frequency ν of the rf magnetic field is equal to ν Q ±ν L , simultaneous spin flips take place in both the 1 H and 14 N spin systems, so the proton magnetization drops to a lower value. This experiment is repeated at a few low magnetic field values in order to clarify the spectrum and get rid of the signal artefacts caused by direct proton absorption of the rf power at multiples of the proton Larmor frequency and the level crossing signals produced by the higher harmonics of the rf magnetic field.
As a final technique combining the three 14 N NQR frequencies assigned to a given nitrogen site, we used the two-frequency irradiation technique [42] . Here, the proton Larmor frequency ν L is set in resonance with the lowest 14 N NQR frequency ν 0 and the sample is irradiated with two rf magnetic fields at the frequencies ν 1 =ν and ν 2 =ν + ν 0 . When ν 1 = ν − and ν 2 = ν − + ν 0 = ν + , the proton relaxation rate in the low magnetic field increases, which causes the proton NMR signal at the end of the magnetic field cycle to drop to a low value.
The application of all three double-resonance techniques is necessary to unambiguously determine the triplets (ν + , ν − and ν 0 ) of the 14 N NQR frequencies arising from various nonequivalent nitrogen positions in the crystal.
In the NQR spectrum of the compound studied, eighteen resonance lines were detected at 180 K, corresponding to six nonequivalent nitrogen positions in the crystal. The accuracy of NQR frequency determination was 10 kHz.
DFT/QTAIM calculations
Quantum chemical calculations were carried out within the GAUSSIAN03 TM code [43] run on the CRAY supercomputer at the Poznań Supercomputer and Network Centre (PCSS). All calculations were performed within the density functional theory (DFT) with an exchange-correlation hybrid functional, B3LYP (three-parameter exchange functional of Becke B3 [44] combined with the Lee-Yang-Parr correlation functional LYP [45] ), using an extended basis set with polarization and diffuse functions, 6-311++G**, which has been shown to produce highly accurate electron densities and electric field gradient (EFG) tensors. Satisfactory reproduction of the EFG tensors at 14 N quadrupolar nuclei by DFT in the solid requires the use of the methodology first applied by us in 1997 [46] , which was then improved and widely discussed in our previous papers, including our most recent [25, [32] [33] [34] , but is only briefly summarized here. The calculations were carried out under the assumption of the presence of monomers and clusters. Formation of molecular clusters was divided into three steps. The first was the formation of six molecular clusters composed of ten molecules which assumed their X-ray atomic positions; the second was a partial optimization achieved using the Berny algorithm, during which only the positions of the hydrogen atoms were allowed to relax while those of all other atoms remained frozen. The third step involved the assumption that the proton positions for the central molecule were the most representative (i.e., they were insignificantly disturbed when PBCs: periodic boundary conditions-were ignored). The clusters constructed in this way-built from equivalent molecules of a certain tautomeric form-were used for further calculations of the NQR parameters and for topological analysis of the electron density within Bader's quantum theory of atoms in molecules (QTAIM). The results of the EFG and QTAIM calculations are only discussed below for the central molecules in these clusters. Such a methodology ensures quite adequate results and is a very good compromise from the point of view of time/disk space requirements and the accuracy with which the electron density distribution can be determined. Moreover, according to the definition of the EFG tensor components, they decrease very quickly with increasing distance; e.g., towards the zz axis as x 2 /r 5 . In view of the above, it can be assumed that the long-range effect on the reproduction of EFG tensor components is smaller than the effect that follows from taking into account the π···π stacking interactions (the latter does not exceed 5%). It should be noted that a valid reproduction of the EFG tensor and consequently the abovementioned NQR parameters ensures that a highly reliable electron density distribution is obtained. Thus, the NQR parametersquadrupole coupling constants, asymmetry parameters, and frequencies at all nitrogen atoms-were theoretically calculated at the B3LYP/6-311++G** level assuming that different molecular aggregations were formed by the intermolecular interactions depending on the tautomeric forms.
Further theoretical analysis of the intermolecular interactions was performed within QTAIM [47] . In this approach, the electron density ρ(r) of a molecule treated as a scalar field can be examined by analyzing its gradient vector field. The values of ρ(r) at the start and end points of a gradient path that follows the largest increase in ρ(r) take the extreme points (maxima, saddle points, or minima in the electron density) and, depending on the nature of the extremum, they are termed nuclear attractor, bond, ring, and cage critical points, and denoted NACP, BCP, RCP and CCP, respectively. The kind of extremum can easily be determined with the help of a Hessian matrix consisting of nine second-order derivatives of ρ(r). In its diagonalized form, the Hessian provides the three eigenvalues 1 1 , 1 2 , 1 3 (satisfying 1 1 ≤1 2 ≤1 3 ), which characterize the curvature of ρ(r) along the three main curvature axes at the point r. Each critical point in ρ(r) can be classified by a rank equal to the number of nonzero eigenvalues 1 i and a signature calculated as the algebraic sum of the signs of the eigenvalues 1 i of the Hessian. Maxima in the negative Laplacian of the electron density are indicative of local charge concentrations called valence shell charge concentrations (VSCC), and are classified as either bonded (located along bonds) or nonbonded (associated with lone pairs or unshared single electrons) maxima. In addition to the electron density and its Laplacian, the ellipticity of the bond, ε = −1 1 /1 2 | − 1, the total electron energy density at BCP (H BCP ) as well as its components-the local kinetic energy density (G BCP ) and the local potential energy density (V BCP ), as well as the hydrogen bonding energy according to Espinosa [48] were calculated.
Results and discussion
The 1 H-14 N NQDR spectrum of 2-TC as obtained by the solid-effect technique at 180 K is presented in Fig. 2 . The experimental NQR parameters are tabulated in Table 1 .
The assignment of the frequencies to particular nitrogen sites is not trivial. Admittedly, all resonance signals were detected and assigned for cytosine [25, [49] [50] [51] , but this task was made easier by having one molecule in the elementary cell. Although the presence of different kinds of 14 N sites (−NH 2 , -N=, and -NH-) in 2-TC facilitates this task, as the NQR parameters (the coupling constant and asymmetry parameter) are significantly different for such sites, the assignment of eighteen NQR frequencies to particular nitrogen sites in the 2-TC molecule is still difficult considering the nonequivalence of molecules (connected with the duplication of sites) and the possibility of prototropic tautomerism (capable of modifying the type of site due to proton transfer). The number of lines that can be grouped into six sets of three resonance lines ( Fig. 2) with the help of the third equation of set (1) suggests that there are two tautomeric forms or two crystallographically nonequivalent molecules in the elementary cell. The latter seems to be consistent with the X-ray data [30] , according to which 2-TC crystallizes in the monoclinic C2 space group with a=19.5980(17), b=4.0943(3), c=13.5270(7) Å, and β = 97.54°. However, the presence of the "ordered" and "disordered" H-bonds in crystalline cytosine, which is structurally related, suggests that the possibility of formal proton migration in 2-TC should be considered.
The stability pattern of 2-TC tautomers in the gas phase (TC2 >> TC1 > TC3 >>TC4 > TC6 >> TC5), obtained at the B3LYP/6-311++G** level of theory, differs in the relative stabilitiy values but is generally in good agreement with the results obtained by Podolyan [9] at the MP2 and MP4 levels. To gain insight into the proton transfer processes in 2-TC in the solid, we modeled large clusters: decamers.
The stability pattern of 2-TC tautomers in the solid phase (TC1>TC3 >> TC2>TC4 >>TC6>TC5) differs from that in the gas phase, but only by the position of the tautomer (TC2) that is most stable in the gas phase. The DFT calculations predict that the TC2, TC4, TC5 and TC6 tautomers of 2-TC are much less stable than TC1 or TC3 in the solid state (see Fig. 1 ). The dipole moment of 2-thiocytosine (in TC1 form) is higher than that of the cluster (built from TC1 forms) (8.67 and 8.70 D versus 3.09 D).
Moreover, in the TC3 form, which is predicted to be energetically less stable than TC1, the monomer of 2-TC has much a higher dipole moment (10.2 D) and the cluster is also very polar (13.05 D). This suggests that in the solid (just as in polar media), intermolecular interactions stabilize the thione form. The dipole moment in general has a major impact on the packing properties in the solid state. Differences in the polarizations of adjacent molecules are closely connected with the specific arrangement. It can be expected that the polar nature of the molecules acts as a guiding template for a highly ordered solid-state structure. The predicted higher stability of TC1 than TC3 agrees well with the general observation that the requirement for a small number of transferred protons is an obstacle to prototropy in infinitely long chains in solids [52] . Thus, the DFT method applied to solids produces reliable conclusions. To gain insight into the influence of proton transfer processes in the solid state on the NQR frequencies, e 2 Qq/h and η at 14 N atoms in 2-TC, we performed the calculations under the assumption of the presence of six clusters built of ten molecules each at the B3LYP/6-311++G** level; see Table 2 and Fig. 3 . A satisfactory reproduction of the e 2 Qq/h, η and NQR frequencies at 14 N quadrupolar nuclei by DFT in solids requires the clustering methodology. The evident discrepancy between the experimental values and the results of DFT calculations performed using the monomer assumption (see Table 3 and Fig. 4 ) confirms the validity of our method. The quality of reproduction of the 14 N NQR parameters by DFT, assuming one of the most stable tautomers TC1 or TC3, is reasonable at first sight (the correlation coefficients are 0.992 and 0.977, and the standard deviations of the curve fit are 0.102 MHz and 0.339 MHz); see Fig. 4 . However, the standard error of the curve fit for TC3 is three times as large as that for TC1. While the experimental NQR frequencies at the same type sites in both nonequivalent molecules differ by at most 0.11 MHz, the NQR frequencies calculated by DFT assuming TC1 differ by 0-0.08 MHz, while those calculated assuming TC3 differ by 0.03-0.55 MHz. The assumption of one of the four remaining tautomers TC2, TC4, TC5
and TC6 leads to unreliable values of e 2 Qq/h (overestimated for TC2 and TC4, but underestimated for TC5 and TC6) and η (underestimated for TC2 and TC4 and overestimated for TC5 and TC6). This clearly shows that eighteen resonance lines detected by 14 N NQDR are the result of nonequivalence of molecules in the elementary cell, and, similarly to cytosine [25] , only one tautomeric form predominates in the NQR spectra of 2-TC. It is worth noting that the stability pattern of 2-TC tautomers differs from that of cytosine [25] , but in both only one tautomer predominates in the solid state. Thus, the presence of the "disordered" H-bonds in crystalline cytosine, as described by Rozenberg [31] , results from the scattering of the proton position, but not from formal proton migrations. This conclusion is supported by the scatter in the experimental 14 NQR data for cytosine (even at 77 K, which excludes the temperature factor) reported in the literature [49] [50] [51] .
Pattern of intermolecular bonds
In the crystalline structure of 2-TC, the basic unit is a nearplanar dimer made of two crystallographically nonequivalent molecules of the amino-thione tautomeric form, connected by two hydrogen bonds N(1′)-H(1′)…N (3) and N(4)-H(4)…S(2′) with lengths of 3.022 and of 3.345Å, respectively [30] ; see Figs. 3a, 5. The structural unit formed (1) a distance between the proton and the acceptor that is smaller than the sum of the van der Waals radii of these atoms; (2) a donor-proton-acceptor angle that is >90°; (3) elongation of the proton-donor bond. Therefore, the socalled topological criteria formulated by Koch and Popelier [54] on the basis of Bader's QTAIM theory are widely applied: (1) the presence of a BCP for the proton-acceptor contact as confirmation of the existence of a hydrogenbonding interaction; (2) electron density at the protonacceptor BCP that is within the range 0.002-0.040 au; (3) a corresponding Laplacian that is within the range 0.024-0.139 au; (4) "mutual penetration" of the hydrogen and acceptor atoms; (5) a loss of charge on the hydrogen atom; (6) energetic destabilization of the hydrogen atom; (7) decreases in dipolar polarization and the volume of the hydrogen atom. The application of QTAIM not only allows us to verify the existence of these H-bond interactions, identify their nature and characterize their strengths, but it also permits the detection and distinction of many weaker interactions in the crystalline structure of 2-TC, which is not possible in standard X-ray studies [30] . As both N and S show relatively high electronegativities and have free electron pairs, under the right circumstances they can form multicenter bonds where one atom is simultaneously bonded to a few other atoms. Indeed, the crystalline structure of 2-TC contains four varieties of intermolecular interactions, such as the H-bonds N-H…N, N-H…S, C-H…S and C-H…C and three N…N, N…C and N…S interactions involving non-H atoms (see Fig. 5 ). Their molecular topology was described in terms of BCPs and RCPs, as shown in Table 4 . Very small values of ρ(r), small and positive values of the Laplacian, relatively high values of ε, near-zero values of H BCP , and values of |V BCP |/G BCP ≤1 indicate that these interactions are purely closed shell in the dichotomous classification based on the sign of the Laplacian [55, 56] ; closed shell-excluding N(4)-H(4)…S(2′), which is of the transit type (it has partial covalent and The nonequivalent molecules A and B are depicted in Fig. 4 partial ionic character)-in terms of the classification based on the nondimensional |V BCP |/G BCP <1 ratio [55, 57] ; or closed shell-excluding N(4)-H(4)…S(2′), which is open shell-in terms of the classification based on the atomic valence shell and both the local (BCP) and integral properties [55, 58] . It is worth noting that for N(4)-H(4) …S(2′) bonds, the H…S distance exceeds 2.2Å, so their classification as weak H-bonds coincides with the classification proposed by Jeffrey [59] , who considered that hydrogen bonds with d(H…Y)>2.2 Å are weak and mainly electrostatic, and hydrogen bonds with d(H…Y)<1.5 Å are strong and covalent.
In terms of the total energy density, the N(1′)-H(1′)…N(3) interaction is found to be the strongest (−23.18 kJ mol ); see Table 4 . The third H-bond linking adjacent molecules into a dimer, C(6)-H(6)…S(2″)(length: 3.532Å, strength: −9.43 kJ mol −1 ), is much weaker and is therefore not revealed by X-ray studies [30] . ), respectively. The reasons for the differences in the strengths of the N-H…S bonds (each linking -NH 2 and S) are their different lengths and the lattice vibrations comprising the motions of the NH 2 groups, which produce averaging of the electron density and electric field gradient, which was not considered.
Additionally, a few π-π interactions (stacking) involving non-H atoms, purely van der Waals in nature, were detected between layered dimers: N (1) A more accurate analysis of the Laplacian contour maps and isosurfaces for 2-TC reveals additional details (see Figs. 5 and 6), which are important from the point of view of further comparison with cytosine. It is worth noting that three VSCCs that are oriented towards their bonding partners and consistent with sp 2 hybridization are found at the sulfur atom. Nonetheless, the presence of bond paths that pass through regions of low charge density and BCP clearly indicates the existence of five intermolecular bonds in addition to the C=S bond; see Figs. 5 and 6. It should be noted that three of these intermolecular bonds are in fact very weak, which may explain why they were difficult to discern. One of the VSCCs at the sulfur atom points towards the carbon atom, and one VSCC at the carbon points towards the sulfur atom. This suggests that the C=S bond is not strongly polarized. The other two VSCCs point towards the proton atoms from NH 2 groups bonded to sulfur via the N-H…S hydrogen bonds. In the isosurface representation of the Laplacian (see Fig. 5 ), the maxima corresponding to these VSCCs are pronounced and quite symmetric, irrespective of whether molecule A or B is analyzed. The search for other minima in the Laplacian around the -NH 2 identifies an additional VSCC, oriented hybridization. The isosurface representation of the Laplacian around -N=reveals the expected VSCC of the Hbond, which is oriented in the plane of the lone pair with a pronounced maximum; by contrast, the donor nitrogen atom -NH-exhibits a more symmetrical distribution of the Laplacian and a VSCC that is directed towards H with an even more pronounced (higher) maximum. The VSCCs of carbon C(2) that are directed towards these nitrogen atoms are shifted to the nitrogen basins in both molecules. Nevertheless, the N-C and N-H bonds show features that are typical of covalent interactions. The differences between the isosurface representations of the Laplacian at the nitrogen sites in both nonequivalent molecules are small, but they suggest that the -NH-site has a more symmetrical electron density distribution in molecule A than in B, while the -N= and -NH 2 sites have more symmetrical electron density distributions in molecule B than in A, which is in a good agreement with experimentally obtained values.
2-Thiocytosine versus cytosine
Although the crystal structures of cytosine and 2-TC are generally similar, cytosine crystallizes with only one molecule in the asymmetric unit [24] , which gives an extra advantage when studying its intermolecular interactions. A comparison of the geometry of single molecules of 2-TC and cytosine in the crystalline state reveals significant differences in the neighborhood of the C(2) atom, where oxygen is replaced with sulfur. The C(2)-S(2) bond in 2-TC is much longer than the C( It is worth noting that |1 1 |/1 3 is much lower for C=O than C=S (0.6928 versus 2.411 for molecule A and 2.287 for molecule B), which suggests that the C=O bond has more ionic character but the C=S bond is more covalent. The larger integrated net atomic charges in C=O than in C=S (−1.2221 at carbon and 1.7231 at oxygen in cytosine versus −0.1944 and 0.6875 for molecule A and −0.2153 and 0.6864 for molecule B at the carbon and sulfur, respectively, in 2-TC) agree with stronger polarization of the C=O bond. The dipole moment of the bond, an indicator of polarizability, is much smaller for the C=S bond than the C=O bond (0.118 versus 1.128 D). The position of the BCP, which is located near the middle of the bond for C=O but is shifted to the sulfur atom for C=S, also complies with the higher polarizability of C=O.
Thus, the greater ellipticity of C=S than C=O (confirmed by the delocalization index value), which in fact varies along the bond path, does not seem to be the result of the higher bond order but rather the more symmetric BCP location, in view of the much smaller charge transfer in C=S than in C=O.
The adjacent bonds C( (5) increase, while those at C(2), C(5), C(6), H(1), H(4) and H (6) decrease upon substituting the sulfur atom with oxygen. Thus, the change in the curvature along the C(2)-N(3) and N(1)-C(2) bond paths reflects the charge polarization of the C-N bond due to the substitution of sulfur for oxygen, rather than a change in hybridization. The replacement of oxygen with sulfur means that there is no strong inductive effect of oxygen. The resonance donation effect (lone pairs on the oxygen adjacent to the π system), which increases the electron density on the ring and subsequently at the N (1) and N(3) sites ortho and decreases this density at C(2) adjacent to oxygen, exceeds the inductive electronwithdrawing effect (through σ bonds) of oxygen. This is because sulfur is less efficient than oxygen at donating its nonbonded (lone) electron pairs in a resonance interaction with the heterocyclic ring. These changes can be interpreted in terms of the flow of bonding electrons to the neighboring C-N bonds (especially the N(3)-C(2) bond) from the external double bond upon substituting the oxygen atom for sulfur. Again, these results are in good agreement with the results of NBO analysis, as the occupancy of N(3)-C(2) exceeds that of C(2)-N(1) in cytosine (1.9951 versus 1.98246), while for 2-TC the situation is reversed, as the occupancy of C(2)-N(3) is lower than that of C(2)-N(1) (1.98149 versus 1.98833).
Topological analysis of the electron density distribution using its Laplacian indicates that three VSCCs are found at the oxygen atom. One of the VSCCs at the oxygen atom points towards the carbon atom, but there is practically no VSCC at the carbon pointing towards the oxygen atom, in contrast to the situation for the C=S in 2-TC, where there is a pronounced VSCC at the carbon pointing towards the sulfur atom. This justifies the description of the C=O bond as very strongly polarized. The presence of bond paths that pierce through the regions of low charge density clearly indicates that there are four intermolecular bonds (two C-H…O and two N-H…O) in addition to the C=O bond.
It should be noted that two of these intermolecular bonds of C-H…O type are in fact very weak, and the bonds of both types occur in close proximity, which explains why it is difficult to find VSCCs, as they are not very pronounced in the isosurface representation of the Laplacian. It is worth noting that the bond paths correspond to preferable interactions. A search for other minima in the Laplacian around each of the nitrogen atoms (-N=, -NH-and -NH 2 ) in cytosine reveals that (just as in 2-TC) they form VSCCs that are oriented towards their bonding partners. The electron densities at almost every BCP (excluding N(3)-C (4) and C(4)-NH 2 ) in cytosine are higher than those in 2-TC.
The charge concentrations around the nitrogen -NH-in cytosine and in 2-TC are much greater in the direction of the hydrogen atom than in the direction of the aromatic ring.
The reverse situation is found for -N=and -NH 2 ; the most distinct concentration is oriented towards the aromatic ring and the less pronounced VSCCs into the hydrogen bond.
This suggests that the π electrons flow from C=O to not only neighboring bonds but also the whole heterocyclic ring. The differences between the isosurface representations of the Laplacian in cytosine and 2-TC are well pronounced at oxygen and sulfur, but the nitrogen -NH-exhibits a more symmetrical distribution in 2-TC than cytosine, as reflected by an increase in the NQR asymmetry parameter. Detailed analysis of the changes in ρ BCP suggests that the most pronounced changes in electron density are those at the N-H bonds of -NH 2 and at H-bonds created using the lone pair of -N=. Nonetheless, the NQR parameters at -NH 2 differ only slightly, while the change caused by replacing oxygen with sulfur is evident at -N=. Taking into account the orientations of the components of the EFG tensor at each nitrogen site and symmetry considerations, we can conclude that the zz axis of the EFG tensor is parallel to the bond path with the BCP at which there is a large change in electron density only at -N=. This explains why the highest decrease in the quadrupole coupling constant upon replacing sulfur with oxygen is observed at the -N=site.
The structural differences caused by exchanging sulfur for oxygen are not limited to single molecules; this substitution also strongly influences the intermolecular interaction pattern. One of the critical differences between oxygen and sulfur is sulfur's lower electronegativity, which is no less important than its larger van der Waals radius (180 pm instead of 152 pm). Sulfur is able to make less polar and longer bonds with hydrogen than oxygen, so it is expected to participate in weaker intermolecular interactions. In the crystalline structure of cytosine, a molecule in the amino-oxo tautomeric form is linked to adjacent molecules by two strong hydrogen bonds N(1′)-H(1′)…N (3) and two N(4)-H(4)…O(2′) bonds with lengths of 2.84, 2.98, and 3.03Å, respectively [24] . These hydrogenbonding interactions in cytosine are shorter and are therefore expected to be stronger than those found earlier in 2-TC, in agreement with the difference in melting points (593 versus 558 K).
The parameters that characterize the weak interactions in the crystalline structure of cytosine (shown in Fig. 7 ) are given in Table 4 . Comparing the Laplacian isosurface and contours for cytosine (see Figs. 7 and 8) to those for 2-TC reveals the differences in VSCC localization. Four H-bonds-two type NH…O and two type CH…O-were found in cytosine, similar to the situation for 2-TC. The N (4) . Although the two strongest hydrogen bonds involving oxygen from cytosine and sulfur from 2-TC are limited to a single octant in 3D space, the bonds with the oxygen from cytosine are weaker and hence the asymmetry parameter of the EFG tensor at 17 O is much greater (0.700 [62] ) than that predicted by DFT at sulfur.
Although -NH 2 groups participate in three interactions with sulfur (oxygen in cytosine)-two hydrogen bonds with strengths of −17.12 and −10.62 kJ mol −1 (−13.69 and Table 1 ) lead to the conclusion that the asymmetry parameter η increases when the H-bond is shortened and hence also strengthened, which is in agreement with Seliger's [62] observation. It is worth noting that the quality of reproduction of the 14 N NQR parameters by DFT-assuming one of the most stable cytosine tautomers-is weaker than that for 2-TC, which is predominantly due to the poorer geometry but also the use of the older and thus less sophisticated method of collecting NQR data.
Although stacked π-π interactions involving non-H atoms (N…N, N…C and N…O with lengths of 3.814, 3.392 and 3.668Å and strengths of −1.85, -3.50 and −3.35 kJ mol −1 )-which are purely van der Waals in nature-were detected in cytosine, they are weak. The stacking found in cytosine and that found in 2-TC involve generally similar overlapping, but the stacking π-π interaction in cytosine is a bit stronger (−12.05 versus −9.7 kJ mol −1 ), which is reflected mainly in the extra contact in cytosine (N…C) in comparison to 2-TC. Indeed, the improvement in the reproduction of the NQR parameters resulting from the π-π stacking interaction is very important for cytosine (see Fig. 9 ) but practically negligible for 2-TC. Moreover, the size of the cluster has less of an effect on the quality of reproduction of the 17 O-NQR parameters (experimental data from [61] ) than on that of the 14 N-NQR parameters (see Table 5 , Fig. 9 ). It should be noted that the 2D or 3D cluster constructed in this manner does not take into account periodic long-range effects. As follows from the QTAIM analysis, the differences between the electric charge distributions in the dimer and in the crystal are typically relatively small [60] , so when a cluster built from 12 or 18 molecules is considered, the quality of reproduction of the electron density distribution is much improved. Moreover, according to the definition of the EFG tensor components, they decrease very quickly with increasing distance; e.g., towards the zz axis as x 2 /r 5 . In view of the above, it can be assumed that long-range effects on the reproduction of the EFG tensor components are smaller than those that follow when stacking π-π interactions are accounted for (the latter does not exceed 5%), they do not affect the conclusions of this work.
The above analysis of intermolecular interactions permits one more conclusion to be drawn. As mentioned earlier, cytosine and 2-thiocytosine crystals differ in the number of nonequivalent molecules in an elementary cell (one versus two). The difference between these two structures (a difference that is ultimately due to replacing oxygen with sulfur) is responsible for the effects described above, including an elongation of the C-X (X=O, S) bond and the redistribution of the electron density. These effects cause the two compounds to exhibit slightly different intermolecular bonding patterns, as characterized above. However, it should be emphasized that the hierarchy of structures in crystals of 2-TC and cytosine molecules (supramolecular synthons (dimers), ribbons, stacks), which is reflected in progressively weaker bonds, is the result of the tendency to minimize polarization and enhance structural stability. Indeed, the values of the dipole moments of the monomer of cytosine and two nonequivalent monomers of 2-TC (7.31 versus 8.67 and 8.70 D) are much higher than those of the dimers (taking into account the most stable forms). However, the molecular synthon (dimer) of 2-thiocytosine consisting of two nonequivalent monomers is less polar than that of cytosine (4.83 versus 5.45D). This smaller polarity of the molecular synthon of 2-TC relative to that of cytosine is a consequence of the greater tendency of sulfur atoms than oxygen atoms to get involved in intermolecular interactions, which implies greater planarity of the molecular synthon of 2-TC than that of cytosine. Moreover, the arrangement of molecular synthons of 2-TC and cytosine in the neighboring ribbons guarantees a considerable-almost twofold-reduction in the dipole moment. A similar tendency to minimize polarization has been observed for the neighboring ribbons in 2-TC and cytosine. The 1D layer built from molecular synthons of 2-TC is slightly more polar than that made from molecular synthons of cytosine. Thus, the π-π stacking interaction between distinct layers in cytosine is slightly stronger than that in 2-TC. This greater steric repulsion for 2-TC leads to increased spacing between layers. It should be mentioned that, despite significant differences between their dipole moments, the differences between the orientations of their dipole moment vectors are small for monomers, dimers and 1D layers in cytosine and 2-TC. Thus, the ordering is generally similar in these solid-state structures, ignoring symmetry, which leads to a kind of duplication. It seems that the polar nature of the molecular synthons acts as a guiding template that produces a highly ordered solid-state structure in both cytosine and 2-thiocytosine.
Reactive sites in 2-thiocytosine and cytosine
In the molecules of 2-TC and cytosine, there are many sites that satisfy the criteria for reactive sites: they have one or more unshared pairs of electrons, polar bonds, and electrondeficient atoms or atoms with expandable octets. The Laplacian of the electron density can be treated as a function that probes these reactive sites. In Figs. 5 and 7, the regions in red in which the Laplacian is negative represent those in which the negative charge is concentrated, whereas the regions in blue are those in which the Laplacian is positive, characterized by a depletion of negative charge. The holes in the reactive surface defined as the isosurface, where the Laplacian changes its sign, clearly indicate that C(4) in 2-TC and C(2) and C(4) in cytosine are potential sites for nucleophilic attack. The electron-depleted regions at carbon atoms C(4)<C(2)<C(6) in 2-TC and C(2) < C(4) < C(6) in cytosine represent potential sites for nucleophilic attack. Additionally, in cytosine, the regions above and below C(2) are more vulnerable to potential nucleophilic attack than they are in 2-TC, where the claws over the nitrogen atom provide additional shielding.
The electron-rich regions at N(3)<N(4)<N(1)<S(2) in 2-TC and N(3)<N(4)<O(2)<N(1) in cytosine indicate potential sites for electrophilic attack.
It is worth noting that the value of the 14 N NQR frequency, which describes the degree of redistribution of the electron density from the nonbonding (lone) electron pair to equivalent bonds in which nitrogen participates, is highest for N(3), intermediate for N (2) , and lowest for N(1), which clearly indicates the degree of susceptibility to electrophilic attack. Thus, the conclusions drawn from the theoretically calculated Laplacian are in a good agreement with the indications given by the NDQR results.
The amino-oxo tautomer of cytosine has a lowerlying HOMO (highest occupied molecular orbital) and a higher-lying LUMO (lowest unoccupied molecular orbital) than those of TC1 of 2-TC. The narrower HOMO-LUMO gap for the TC1 tautomer (3.56 eV) than for cytosine (5.09 eV) leads to a more stable structure for cytosine and a smaller excitation energy for TC1. In terms of the chemical reactivity descriptors (according to Parr's definition [63] ), the chemical potential, absolute hardness and electrophilicity index are equal to −4.10 and −3.52 eV, 2.55 and 1.78 eV, and 3.30 and 3.47 eV for cytosine and TC1, respectively. The maximum electronic charge that cytosine can accept from the environment is equal to 0.81, while it is 0.99 for 2-TC. Consequently, cytosine-which is harder-should be less reactive than 2-TC in unimolecular reactions such as isomerization, dissociation and radical formation. This information could be helpful when attempting to rationally explain the activity of 2-TC in biological and chemical reactions. The enhanced reactivity of 2-TC compared to cytosine suggests the probable occurrence of point mutations in which cytosine is replaced by 2-thiocytosine, leading to reduced stability of DNA.
The HOMO-LUMO gap for the TC3 tautomer (3.69 eV) is only slightly wider than that for TC1 (3.56 eV), meaning that TC3 has a more kinetically stable structure than TC1. The chemical potential, absolute hardness and electrophilicity index are equal to −3.62 eV, 1.84 eV and 3.55 for TC3, while the maximum electronic charge that it can accept from the environment is 0.98. Thus, TC3-which is notably harder than TC1-should be less reactive than TC1 in unimolecular reactions. An analogous analysis performed for a cluster leads to completely different conclusions than those obtained for the isolated molecules. The cluster of TC1 tautomers of 2-TC has a lower-lying HOMO (highest occupied molecular orbital) and a higher-lying LUMO (lowest unoccupied molecular orbital) than those of the TC3 and cytosine clusters. The narrower the HOMO-LUMO gap in the TC3 tautomer (2.45 eV) is compared to that in the TC1 tautomer (2.69 eV), the more stable the structure of TC1 and the smaller the excitation energy of TC3. In terms of the chemical reactivity descriptors, the chemical potential, absolute hardness and electrophilicity index are equal to −3.55 and −3.66 eV, 1.35 and 1.22 eV, and 4.68 and 5.49 eV for TC1 and TC3, respectively, while the maximum electronic charge that 2-TC can accept from the environment differs by 0.17 (1.32 and 1.49 e for TC1 and TC3, respectively). On the other hand, the slightly narrower HOMO-LUMO gap in cytosine (2.687 eV) compared to 2-TC means that the structure of 2-TC is more kinetically stable and the excitation energy of solid cytosine is smaller. The chemical reactivity descriptors-the chemical potential, absolute hardness and electrophilicity index-for cytosine are equal to −4.17 eV, 1.34 eV, and 6.48 eV, respectively, while the maximum electronic charge that cytosine can accept from the environment is 1.55 e. Intermolecular interactions in the solid cause the HOMO-LUMO gap for cytosine to be narrower than it is for 2-TC, which means that these interactions have a stronger stabilizing effect on the structure of cytosine than on that of 2-TC. This is also reflected in the slightly lower chemical hardness of cytosine (1.34 eV) than that of 2-TC (1.35 eV). These results also imply that in the solid phase, in contrast to the gas phase, sulfur is better than oxygen at stabilizing the structure by electron donation. Thus, solid-state properties have a profound impact on the stabilities and reactivities of both compounds. 14 N NQDR appear as a result of the nonequivalence of molecules in the elementary cell. According to the NQR spectra, in 2-TC one tautomeric form predominates, and the same is true of cytosine. 2. Scattering in the position of the proton-but not formal proton migration-is responsible for the "disordered" H-bonds detected in cytosine by FTIR and the relatively large scattering in the NQR parameters reported in the literature. 3. The combined substituent effect (replacement of oxygen with sulfur), which influences π-electron delocalization within the heterocyclic ring and changes the pattern of intermolecular interactions, is strongly manifested in the NQR spectra as a change in the number of lines in the spectrum (nonequivalent molecules) and changes in the values of NQR parameters of all 14 N atoms. These changes are relatively small at the -NH 2 site and significant at the -NH-and -N=sites.
Conclusions

Eighteen resonance lines detected by
4. In cytosine (in contrast to 2-TC), the VSCC at the oxygen (sulfur) atom points towards the carbon atom, but there is practically no VSCC at the carbon that points towards the oxygen atom; the BCP at the C=O bond is shifted towards the carbon basins (in contrast to 2-TC, in which it is located near the sulfur basins); and the electron densities at almost each BCP, excluding N (3)-C(4) and C(4)-NH 2 in cytosine are higher than in 2-TC. This suggests that the π-electrons from from C=O to not only neighboring bonds but also the whole heterocyclic ring. 5. The orientation of the zz axis of the EFG tensor parallel to the bond path with the BCP at which the change of electron density is the highest explains the noticeable decrease in quadrupole coupling constant that occurs only at the -N=site upon replacing sulfur with oxygen, while the more symmetrical distribution of the electron density in 2-TC compared to that in cytosine explains the increase in the NQR asymmetry parameter at the -NH site. 6. The stacking π-π interaction in cytosine is stronger, due to the larger spacing between layers in 2-TC compared with cytosine. Thus, the improvement in the reproduction of NQR parameters resulting from the π-π stacking repulsive interaction is substantial for cytosine, but practically negligible for 2-TC. 7. The presence of a sulfur instead of an oxygen substituent at the C(2) position is crucial, because the presence of this sulfur allows 2-TC to form much weaker hydrogen bonds that are reversible, which in turn facilitates biological processes (e.g., enzymesubstrate interactions) and can be used for regulation in metabolic processes. In the solid phase, in contrast to the gas phase, sulfur is better than oxygen at stabilizing the structure by electron donation.
